Using a computer-generated acuity task, the resolution of vertical and horizontal Landolt Cs was assessed at three levels of contrast, each for three different crowding conditions. Eighteen adults participated; six had congenital idiopathic nystagmus, six were oculocutaneous albinos and six served as controls. Contour interaction was evident when bars were placed 1 gap-width from the Landolt C and was more marked as contrast increased. When scaled to the individual resolution limit, the magnitude of contour interaction displayed by the albinos was not significantly different from the controls, however the idiopaths did exhibit a greater crowding effect than the controls. These results imply that fixation instability is a contributory factor in contour interaction, but only when retinal image velocity is above a certain threshold.
INTRODUCTION
Contour interaction, or "crowding" is the term given to the adverse effect that the presence of surrounding contours has on the resolution of an acuity target. The magnitude and linear extent of this interactive effect has been found to vary with contour-target separation (Stuart & Burian, 1962; Flom, Weymouth & Kahneman, 1963b) . Initially, it was thought that contour interaction was a particular characteristic of amblyopia. However, using a Landolt C detection task Flom et al. (1963b) determined that, although the angular extent of interference was far larger in amblyopic than in normal eyes, once it was scaled to the unflanked resolution limit the results of the two groups were not greatly different. For both amblyopes and controls the maximum reduction in acuity was recorded when adjacent contours were located between 1 and 3 times the minimum angle of resolution (MAR):from the Landolt C. Contour interaction has been confirmed for other spatial tasks, including vernier discrimination, where it was found to be proportional to the i,;olated vernier threshold in both normal and amblyopic eyes (Levi, Klein & Aitsebaomo, 1985; . The exact mechanism behind this interference effect is unknown, but its continued existence under dichoptic conditions Flom, Heath & Takahashi, 1963a) form of central neural inhibition. Work by Levi et al. suggests that it has an anatomical basis, as in their experiments vernier thresholds were only elevated if the contour spacing was less than or equal to the width of one cortical ocular dominance column . Fixation stability has also been proposed as a contributory factor in contour interaction (Flom et al., 1963b) , yet no studies have systematically examined the influence of eye movements on the crowding effect. In the presence of retinal image motion, contour interaction might be increased, so that the discrimination of crowded targets would be far worse than that anticipated on the basis of the MAR. Alternatively, it might still be scaled to the unflanked threshold, as in amblyopia.
The purpose of this study was to investigate the effects of contour interaction, contrast and letter orientation on visual resolution for subjects with congenital nystagmus (CN), using a computer-generated acuity task. This particular assessment technique was chosen in preference to a vernier acuity, or similar task, as it was easy for the inexperienced subjects to perform and could be completed in a relatively short period of time.
METHODS
Visual targets were produced by a customized acuity program run on an IBM PC/XT compatible computer (Opus PCIII) and were presented on a 12 in. screen with a resolution of 640 × 480 pixels (Samsung, 12 in. VGA, analogue, monochrome, monitor) . To isolate the screen, a colour-matched surround, measuring 810 x 540 mm, was fixed to the monitor. At maximum brightness the screen had a mean background luminance of 210 cd/m 2. The stimulus consisted of a standard Landolt C, which could be presented either in isolation or surrounded by four tangential bars that were the same width as the gap in the C and of length equal to its diameter. The orientation, contrast and bar spacing of this stimulus could all be varied. In this study the resolution of vertical and horizontal C-targets was assessed separately at three levels of contrast (94%, 34% and 12%), each for three different crowding conditions; near bars (bar-C separation = 1 gap-width), distant bars (bar-C separation = 5 gap-widths) and no bars, as shown in Fig. 1 . Thus, with all possible combinations, 18 acuity measurements were obtained per eye. The stimulus presentation order was varied in the following manner: vertical stimuli were tested first for half of the subject population. All targets at a particular contrast level were successively displayed, while the infuence of crowding was randomized; all of which reduced any bias due to practice.
The Landolt Cs were scaled in 0.1 log MAR increments from 6/60 (0.1 decimal) to 6/4.8 (1.25 decimal) and the resolution limit was determined by the following method: Initially, each C-target size was presented once in descending order, starting with the largest. When the first error had been made, the presentation order was changed to display six C-targets of each size (three for each orientation), but now in ascending order, until all the Cs of the same size were correctly identified. The presentation form was then reversed again to display six C-targets of each size, but now in descending order, until the criterion 50% correct was reached or until all the smallest Cs had been presented. From the recorded responses the MAR was then calculated. Acuity testing was monocular, using the subject's preferred eye, with the head stabilized in the primary position on a chin rest. The subjects with nystagmus were assessed at 3 m, where target size ranged from 3/60 (0.05 decimal) to 3/4.8 (0.63 decimal), whilst the control subjects were seated 6 m from the screen. Before a run, each individual was fully corrected for the testing distance with either trial lenses or, if correct, the subject's own spectacles. Subjects were instructed to identify the location of the gap in the Landolt C or to guess, if they were unsure. Since there were only two possible gap orientations for each stimulus (up/down or right/left) this method thus represented a two-alternative forcedchoice procedure. The operator entered the subject's response via the computer keyboard and then covered the screen (with a card that matched the monitor surround) until the next target had been drawn. A complete run of 18 measurements, including short rest periods if required, typically lasted about 45 min.
Prior to the acuity experiment, horizontal eye movements were recorded using infra-red oculography (resolution 6 min arc, bandwidth 70 Hz), whilst each subject fixated a circular white target (0.5deg) in primary gaze. The target was projected onto a hemicylindrical matt white screen which subtended 172 deg horizontal x 54deg vertical. Head movements were minimized by use of a chin rest and forehead restraint.
Eighteen adult subjects between the ages of 16 and 47yr participated in this study: six had congenital idiopathic nystagmus, six were oculocutaneous albinos and six with normal visual function served as controls. The 12 subjects with nystagrnus were taken from a large pool (n > 100) and had all previously undergone a full optometric assessment to ensure exclusion of individuals with ocular disorders (other than albinism) associated with congenital nystagmus. Biochemical tests and clinical examination, combined with details of personal and family history, revealed that three albinos were tyrosinase-negative and three were tyrosinase-positive. A summary of relevant clinical data, including details of each subject's CN in primary gaze, is presented in Table 1 . For the four subjects with periodic alternating nystagrnus, amplitude and frequency data were calculated using the means of both the right-and left-beating phases. None of the subjects had performed this acuity task before and all undertook practice runs, prior to data collection, in order to become familiar with the psychophysical technique.
This research followed the tenets of the Declaration of Helsinki. Informed consent was obtained from all subjects after the nature and possible consequences of the study had been explained. 
RESULTS
Visual resolution of high contrast (94%) unflanked Landolt Cs ranged from 0.80 to 0.83minarc for the control group, 1.60-3.28 min arc for the idiopaths and 1.60-6.91 minarc for the albinos. In all cases resolution worsened as contrast decreased, such that the resolution limit for low contrast (12%) unflanked Cs ranged from 0.91 to 2.17minarc for the control group, 2.59-8.00 min arc for the idiopaths and 2.59-11.45 min arc for the albinos. The eye movement recordings revealed that both nystagmus groups contained five subjects with horizontal CN and one with torsional CN. One idiopath and three albinos exhibited periodic alternating nystagmus. All of those with horizontal CN displayed either a jerk with extended foveation (Jef) or pseudocycloid (PC) waveform in primary gaze although, for three of the albinos, dual jerk (DJ) or bidirectional (BD) oscillations were also evident during central fixation. Amongst the five idiopaths with horizontal nystagmus, the amplitude varied from 1.0 to 7.4 deg and frequency varied from 1.5 to 4.5 Hz. In the albino group horizontal CN amplitude ranged from 2.7 to 13.3 deg, whilst frequency ranged from 2.7 to 5.4 Hz. Separate three-factor analyses of variance were performed on the control, idiopath and albino log transformed MAR data to test the significance of contrast, orientation and crowding parameters on Landolt C resolution. Table 2 reveals that all three subject groups showed main effects due to contrast and to crowding, whilst only the idiopaths demonstrated an effect due to letter orientation. There was also evidence of an interaction (significant at the 5% level) between contrast and crowding for the albinos. According to post-hoc Scheff6 multiple-comparison tests, almost all of the differences between the three contrast levels for the subject groups were statistically significant (P < 0.05). Only the difference between medium and high contrast Cs for the controls did not reach 5% significance. Scheff6 tests also revealed that, for each group, the comparisons between near and distant crowding bars and between near and no crowding bars were statistically significant (P < 0.01), whereas the differences between distant and no bars were not. The presence of the albino interaction indicated that the magnitude of contour interaction varied with contrast level: near/distant bar and near/no bar differences were found to be significant at medium ns, not significant (P > 0.05). All two-and three-way interactions not presented were not statistically significant at the 5% level.
and high contrast, but only the former combination was statistically different at low contrast. The group mean results, which show the effects of contour interaction and contrast level on log MAR for albino, idiopath and control subjects, are presented in Fig. 2 . In summary, as contrast increased so did the resolution limit. Contour interaction was observed in all 18 subjects when bars were placed 1 gap-width from the Landolt C, but was not apparent when they were positioned at 5 times this distance. Indeed for several subjects the "distant crowding" condition yielded a slightly smaller MAR than the unflanked condition. The albinos and controls demonstrated no systematic orientational effects; however, when averaged across all stimulus variations, a slightly higher mean acuity for horizontal (MAR = 2.82 min arc) vs vertical (MAR = 3.12 min arc) targets was displayed by the idiopaths. For simplicity of presentation, horizontal and vertical data have been combined in Fig. 2 . In order to compare the relative influence of contours on resolution, the difference between the log MAR for near bars and for no bars was calculated for every subject at each contrast level. A two-factor analysis of variance performed on this data revealed main effects due to subject group [F(2,15)=4.12, P <0.05] and contrast [F(2,30)= 4.51, P < 0.05] and no statistically significant interaction. With regard to the "subject group" main effect, a post-hoc Scheff6 multiplecomparison test indicated that the idiopaths exhibited a significantly greater crowding effect than the controls (P < 0.05). The other comparisons (i.e. albino/control, albino/idiopath) were not significantly different at the 5% level. Considering the contrast main effect, a post-hoc Scheff6 test revealed that contour interaction was significantly weaker for low than for medium contrast letters (P < 0.05), whilst the other two comparisons were not significantly different. 
DISCUSSION
In this study the effects of contrast level, target orientation and contour interaction on the MAR were investigated for three sets of subjects; controls with normal vision, idiopaths and albinos. In general the three groups demonstrated a significant increase in resolution as contrast increased. The only exception was the difference in acuity between medium and high contrast targets for the controls, which was not significant at the 5% level. This may have been a saturation effect due to the restriction placed on letter size by the pixel dimensions necessary for precise testing of subjects with nystagmus.
The existence of an orientational asymmetry in the contrast sensitivity function of those with CN, at spatial frequencies higher than 1 c/deg has been documented in several reports (Abadi & Sandikcioglu, 1975; Loshin & Browning, 1983; Dickinson & Abadi, 1985) . It is thought to be due to a combination of two factors; the more severe degradation of detail lying orthogonal to the predominant direction of ocular motion, along with meridional amblyopia (Abadi & King-Smith, 1979) . At suprathreshold contrast levels this orientational asymmetry has been found to be less marked when investigated with sine-wave gratings (Dickinson & Abadi, 1992) . Using a more spatially complex stimulus (a letter), a similar vertical/horizontal disparity was exhibited in this study by the idiopaths, but not by the albinos. The most likely explanation for this finding is that the spontaneous ocular oscillations displayed by the participants were not identical: Both subject groups comprised five individuals with horizontal CN and one with torsional CN, however characteristics such as amplitude and waveform could not be matched. Examination of eye movement traces obtained from the 12 subjects did not reveal any marked differences in CN parameters during primary gaze, as both groups contained subjects with intense nystagmus and subjects with very small oscillations. This acuity task was unique to all subjects, however, whilst most of the albinos had been seen on several occasions and had taken part in other experimental studies (and thus had some experience of making psychophysical observations), three of the idiopaths were quite naive, having visited the laboratory only once before. This inexperience, possibly coupled with some apprehension, is likely to have resulted in the CN being more intense and/or variable during the visually demanding acuity task than was evident either on eye movement recording or under normal conditions (Abadi & Dickinson, 1986) . The subjects who were accustomed to performing in experimental studies appeared more relaxed when carrying out the acuity task and showed less nystagrnus variability.
Contour interaction was recorded in all 18 subjects when bars were located 1 gap-width from the Landolt C, whereas when they were placed at a distance equal to 1 symbol-width, resolution was hardly affected. This variation in the magnitude of crowding with contourtarget separation has been described before in both amblyopic and control subjects, for letter and vernier acuity tasks (Stuart & Burian, 1962; Flom et al., 1963b; . As well as bar-separation, contour interaction was found to depend on the level of contrast, being more marked as contrast increased. A similar finding was reported recently by Kothe and Regan (1990) , who used standard optotypes at three contrast levels to investigate the crowding effect in 30 normallysighted children. In an attempt to explain this effect, the authors proposed that the lateral interactions between two adjacent contours were weaker at low contrast, but did not suggest why. Possibly this "weakening in lateral interactions" is related to the fact that the visual system's sensitivity to high spatial frequencies declines as contrast decreases; i.e. in addition to bar-separation, contour interaction may be determined by the spatial frequency content of the stimulus. The crowding bars in both of these studies had sharp edges, however if this high frequency information were lost at low contrast, the bars may have exerted a less disruptive influence, for a given contour-targe't separation. An evaluation of the crowding effect of bars without sharp edges (i.e. composed of just low spatial frequencies) should establish whether or not this is the case.
When scaled to the isolated MAR at each contrast level, the magnitude of contour interaction displayed by the albinos was found to be not significantly different from that demonstrated by the control subjects. A similar proportional parity in the linear extent of spatial interference, has been documented for amblyopes and controls (Flom et al., 1963b; . Although the idiopaths exhibited a significantly greater crowding effect than the controls (P < 0.05), the scaled results obtained from the albinos and idiopaths were not significantly different. Thus contour interaction in the presence of CN was not markedly different from that shown by control subjects. The fact that a significant difference was found between idiopaths and controls but not between albinos and controls, may be related to the nature of their idiosyncratic spontaneous oscillations. As discussed with regard to orientational effects, the idiopaths may have experienced increased retinal image slip (decreased foveation time) and/or more variable eye movements during the acuity task than the albinos. If this were the case, it would seem to suggest that fixation instability is a contributory factor in contour interaction, but only when the image movement is above a certain threshold. Variation in the effect of fixation instability on contour interaction appears to be supported by a recent abstract (Chung & Bedell, 1993) , as in this study two subjects with CN displayed greater contour interaction than three control subjects. Details of the ongoing oscillations were not provided. Further research should include experiments in which contour interaction is assessed under conditions where retinal image motion is manipulated, both for control subjects and for those with congenital nystagmus.
